suggest the average magnetization points largely off the NW long axis at zero field. X-ray photoemission electron microscopy images show a well-defined periodic magnetization pattern along the surface of the nanowires with a period of λ = 250 nm. Finite element micromagnetic simulations reveal that an oscillatory magnetization configuration with a period closely matching experimental observation (λ = 240 nm) is obtainable at remanence. This magnetization configuration involves a periodic array of alternating chirality vortex domains distributed along the length of the NW. Vortex formation is attributable to the cubic anisotropy of the single crystal Ni NW system and its reduced structural dimensions. The periodic alternating chirality vortex state is a topologically protected metastable state, analogous to an array of 360° domain walls in a thin strip. Simulations show that other remanent states are also possible, depending on the field history. Effects of material properties and strain on the vortex pattern are investigated. It is shown that at reduced cubic anisotropy vortices are no longer stable, while negative uniaxial anisotropy and magnetoelastic effects in the presence of compressive biaxial strain contribute to vortex formation.
The investigation of magnetism in mesoscale structures has attracted considerable interest in recent years [1] [2] [3] [4] [5] [6] . As the structural dimensions of materials are reduced down to typical length scales associated with ferromagnetic ordering, competitions between several magnetic interactions arise and can result in the formation of new, intricate magnetic configurations [7] [8] [9] [10] [11] . These new structures could offer a pathway towards future applications in high-density data storage [12] [13] [14] [15] [16] , compact magnetic sensors 17, 18 , high frequency nanoscale oscillators 19, 20 , and magnetic logic [21] [22] [23] [24] . For example, a competition between the exchange interaction, magnetic anisotropy, stray field energy, and geometric confinement leads to the emergence of vortex structures in magnetic disks 25, 26 and stripe domains in thin films 27, 28 . Magnetic vortices are flux closure states that exist in micron and sub-micron diameter magnetically-soft disks. The vortex state is characterized by the circulation of the magnetization, either counterclockwise or clockwise (c=+1 or -1), and the polarity of the core (the magnetic singularity at the center of the disk), which points either up or down (p=+1 or -1) perpendicular to the disk plane. The combination of circulation and polarity defines the vortex chirality either right handed (cp=+1) or left handed (cp=-1). Stripe domains conversely arise in thin films with perpendicular magnetic anisotropy as originally described by Kittel [29] [30] [31] . The width of the meandering domains is determined from a balance between exchange energy (i.e. domain wall energy) and dipole energy and varies with film thickness. The morphology of the domains depends on the field history. In this paper, we describe the domain structure that arises in single-crystal nickel nanowires (NWs).
In these NWs, the combination of the well-defined magneto-crystalline anisotropy and NW shape results in the emergence of a periodic vortex domain structure where the vortex chirality alternates handedness along the primary axis of the wire.
Previous investigations of magnetic NWs have typically been carried out by studies on amorphous or polycrystalline wires grown by nanoporous template electrodeposition or self-assembly [32] [33] [34] [35] . These methods of synthesis induce crystalline grains in the microstructure that can cause local variations in the magnetic anisotropy and moment. Thus it is impractical to explore the full magneto-crystalline anisotropy (MCA) of such structures, and as a result, these previous studies have largely varying conclusions depending on the differences in crystalline quality [36] [37] [38] [39] [40] . For these types of cylindrical nanowires, a quasi-1D model where the magnetic response is dominated by the shape anisotropy is typically sufficient to explain the magnetic properties. Because of the high aspect ratio, the static and magnetic reversal properties can be modeled using a Stoner-Wohlfarth or curling-mode model assuming a single, strong shape anisotropy along the wire axis 41, 42 . This strong shape anisotropy leads to magnetic reversal that is characterized by domain nucleation and propagation from the wire ends.
The Ni NWs described in this study are synthesized by a thermal chemical vapor deposition (CVD) technique that results in highly-oriented, single-crystal Ni NWs grown on amorphous SiOx coated Si substrates. Details of this growth technique have been published previously 43 . The resulting NWs have square cross sections with about 200 nm width, and lengths of up to 8 μm. Transmission electron microscopy images and electron diffraction patterns in Fig. 1 show the long/growth axis of the NWs are along the <001> direction and the side of the NWs are bounding surfaces that are atomically smooth.
Analysis by coherent x-ray diffraction has shown the NWs to be single-crystalline 44, 45 . The limitation of AMR measurements is that they only measure the average overall magnetization of the NWs. In order to visualize the space resolved micromagnetic configurations, we have performed magnetic and structural imaging using x-ray photoemission electron microscopy (PEEM). For PEEM imaging, the NWs were transferred onto silicon oxide substrates by a contact transfer technique. To prevent substrate charging during imaging, substrates were coated with 10-nm Pd prior to NW transfer. Imaging was performed at room temperature on EPU beamline 11.0.1 at the Advanced Light Source (Lawrence Berkeley National Lab) using PEEM3. PEEM3 has an energy range of 150-2000 eV with a spatial resolution down to 30 nm, and offers full polarization control. Magnetic contrast in photoemission experiments is provided by an asymmetry in the absorption cross sections for left and right circularly polarized x-rays for ferromagnetic materials. This dichroism allows for the direct imaging of the local magnetization vector when coupled to a spatially sensitive detector.
A schematic of the imaging experiment is shown in Fig. 3a . Incident x-rays are turned to the Ni L3 and L2 absorption edges at 853 eV and 871 eV, respectively, and arrive at the sample surface with an angle of approximately 30° relative to the substrate surface. To observe the off-axis magnetization components suggested by AMR measurements, the NW is oriented at an almost orthogonal angle relative to the incoming x-ray direction (~82°). This almost orthogonal configuration maximizes the magnetic contrast as XMCD is sensitive to the magnetization component along the x-ray propagation axis. X-ray absorption spectra (XAS) and XMCD from the wire are shown in Fig. 3b . The L2 absorption edge exhibits a slight multiplet splitting, indicating a possible surface oxidation of the NW. Besides this slight surface oxidation, the XAS behavior is typical of pure Ni without impurities. magnetic field applied perpendicular to the wire long axis uniformly saturates the NW magnetization in the (+y) direction as shown in Fig. 5a . As the field is reduced to the vicinity of 2.5 kOe, a precursor oscillatory state develops (Fig. 5b) with average magnetization pointing between the (+y) direction of the applied field and the long axis direction (either (+z) or (-z)) favored by shape anisotropy, with a modulation along the xdirection due to the influence of cubic anisotropy and magnetostatics which promotes a periodic texture.
The period of the oscillation in the precursor state is 240 nm, which is in good agreement with our experimentally observed oscillation period. The precursor oscillatory state shown in Fig. 5b is the ground state of the Ni NW magnetization in the presence of a 2.5 kOe magnetic field applied in the y-direction.
Two possible magnetic configurations can be obtained from this point. If the field is abruptly removed, the oscillatory precursor configuration is out of equilibrium, and multiple vortices nucleate across the NW with a chirality and period reflecting the magnetization modulation of the precursor state (Fig. 5c ).
The magnetic configuration thus obtained is consistent with the experimentally obtained PEEM images ( The magnetic state obtained from the precursor by abruptly removing the field can be described as a periodic array of alternating chirality vortices of same polarity, shown in Fig. 6 . The magnetic state is particularly interesting due to the exotic spin configuration which is topologically protected, because once the vortices form, they are effectively locked in, as the collapse of a vortex domain of chirality χ and merger of two adjacent vortices of chirality -χ requires the expulsion of a vortex core of chirality χ, and injection of a core of opposite chirality (-χ), which is energetically costly. In this respect, the alternating chirality vortex domain structure is analogous to an array of 360° DWs in a thin strip, where expulsion of a domain necessitates an energetically expensive out-of-plane rotation of magnetic moments [49] [50] [51] [52] .
Energy calculations show that the alternating chirality vortex state has higher energy than the uniform vortex state, which is the ground state for the modeled cubic NW system at zero field. The presence of multiple domain walls in the former configuration leads to greater overall exchange and anisotropy energy, just as for uniaxial anisotropy systems. The fact that the system relaxes to such a metastable state instead of the ground state when the field is abruptly cut off after reaching the vicinity of 2.5 kOe can be explained by the proximity of the precursor state and the alternating chirality vortex state in configuration space. Namely, when the field is abruptly removed, the out-of-equilibrium magnetization configuration finds and settles in a local energy minimum of the newly formed energy landscape (at zero field) that corresponds to the stable state configurationally most similar to the precursor state.
The stability of the alternating chirality vortex state is a consequence of the energy barrier preventing the collapse of topologically protected alternating chirality vortex domains interior to the NW, and is also due to a particular magnetization configuration at the NW ends, which effectively clogs the NW, preventing vortex domains from escaping the structure at its two extremities. The configuration at the ends is given in Fig. 7 , showing a significant portion of the local magnetization oriented in the opposite z-direction to the average magnetization of the NW, i.e., opposite to the polarity direction of the vortices. This configuration is attributed to the interplay of the magnetostatic, cubic anisotropy, and exchange interactions at the discontinuity, which leads to a magnetization configuration at the NW ends that differs from the magnetization pattern interior to the NW. As a result, the vortices cannot escape at the ends without a reconfiguration of magnetization at one or both extremities. The energy barrier associated with such a reconfiguration contributes to the stability of the alternating chirality vortex state by effectively blocking the escape routes of vortices at the two discontinuities. Vortex formation is also seen to result with the introduction of the magnetoelastic interaction 53 , assuming uniform compressive biaxial strain in the xy basal plane. Such a strain could arise from the synthesis process of the single crystal Ni NWs which grow vertically from the amorphous SiOx coated Si substrate 43, 55 . Figure 10 shows the remanent configuration of the modeled Ni NW assuming magnetostrictive constants λ111 = -24×10 -6 and λ100 = -46×10 . In this case, vortices are no longer energetically favorable, and the magnetization in the cross sections of the NW is largely uniform (Fig. 11) .
Due to the accumulation of effective magnetic surfaces charges at the sides of the NW to which the magnetization is normal, a periodic texture develops resulting in flux closure and reduction in magnetostatic energy 57 that is analogous to stripe domains in magnetic thin films. Results shown in Figs. 10-12 indicate that the magnetic response of the studied Ni NW is strongly dependent on material properties of the system. 
